Background: Hypertension is a dominant characteristic in the prediction of cardiovascular diseases (CVDs). We aimed to evaluate the association of blood pressure measurements with CVD mortality among different populations of the world.
10-mm Hg increase in pulse pressure varied among cohorts from 1.19 in the United States (P =.04) to 1.29 in southern Europe (P=.01). Differences among cohorts were not significant. In the pooled cohorts, pulse pressure measurements were also a significant predictor for coronary heart disease (hazard ratio per 10-mm Hg increase, 1.15; P=.04) as well as stroke death (hazard ratio per 10-mm Hg increase, 1.32; P =.01).
Conclusions: Pulse pressure followed by diastolic and systolic blood pressures were the best predictors for CVD mortality among other blood pressures, as well as age, physical activity, total serum cholesterol level, anthropometric indexes, and smoking habits. No significant differences were observed among the different populations studied. Med. 2005; 165:2142 -2147 S YSTOLIC AND DIASTOLIC BLOOD pressures (BPs) have been recognized as a determinant of cardiovascular disease (CVD) risk. [1] [2] [3] [4] [5] [6] Recently, much attention has been given to the predictive value of pulse pressure. [7] [8] [9] [10] The Framingham Heart Study investigators suggested that hypertension-related morbidity and mortality corresponded best with pulse pressure. 7 Benetos 9 reported that a high pulse pressure was an independent predictor of coronary mortality among 19 000 French men. On the other hand, the Multiple Risk Factor Intervention Trial (MRFIT) research group 10 reported that systolic and diastolic BP measurements were more strongly related to CVDs compared with pulse pressure alone.
Arch Intern
The effect of BP and especially pulse pressure on cardiovascular mortality has rarely been compared among populations. Therefore, we sought to investigate the association of various BP measurements with 25-year cardiovascular mortality in middle-aged men and to further explore whether this relation is similar among different populations.
METHODS
The Seven Countries Study is a prospective, population-based cohort study. During 1958 through 1964, 12 763 men aged 40 to 59 years, who resided in 16 cohorts from 7 countries (United States, Japan, Finland, the Netherlands, Italy, Greece, and former Yugoslavia), were enrolled. However, 56 men (0.4%) lost to follow-up, 16 men (0.1%) with missing data on coronary heart disease or stroke, and 1099 men (8.6%) with history of CVD at entry were excluded from the present analysis.
For simplicity of the interpretation of the results, all cohorts were pooled according to Author Affiliations are listed at the end of this article.
MEASUREMENTS
The following entry information were considered: age, physical activity, systolic and diastolic BP, pulse pressure (systolic minus diastolic), mean (physiologic) BP as the sum of diastolic plus one third of pulse pressure, mid BP as the average between systolic and diastolic BP, self-reported daily cigarette smoking, total serum cholesterol level, and body mass index (calculated as weight in kilograms divided by the square of height in meters). Two measurements of BP were taken 1 minute apart, and the average was used for the analysis. Classification of physical activity was based on the responses to questions about the occupation and usual activities, including part-time jobs and notable nonoccupational exercise. Further details regarding the procedures applied in the study have been presented in detail elsewhere.
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STATISTICAL ANALYSIS
Continuous variables are presented as mean ± SD, while categorical variables are presented as absolute and relative frequencies. Death rates were calculated using the observed persontime, in years. For each population, the 25-year mortality rates from cardiovascular mortality, adjusted for age, total cholesterol level, smoking, and body mass index, were computed per quartile of pulse pressure. Comparisons of continuous variables between regions were performed using analysis of variance. Survival analysis was performed using the Cox model. The continuous factors were entered linearly, while age was tested exponentially in the model. The associations between the investigated factors and the fatal events are presented as exponentials (hazard ratios [HRs] ) of the estimated coefficients. The goodness-of-fit test was based on comparing observed survival probability with the expected probability under the assumption of proportional hazards. To examine whether HRs to die from CVD differ in the 4 populations, we created an ordinal variable from 1 to 4 that indicated each population (1 represented the population with the lowest age-standardized mortality due to CVD, and 4, the populations with the highest mortality). We subsequently tested for a significant interaction between this ordinal population variable and the pulse pressure variable. PϽ.05 indicated statistical significance. For statistical analysis, SPSS version 11.0 (SPSS Inc, Chicago, Ill) software was used.
RESULTS
Compared with men alive at follow-up, those who died had higher baseline systolic and diastolic BP and pulse pressure measurements, as well as greater frequency of smoking ( Table 1) . Moreover, Japanese cohorts had the lowest systolic and diastolic BP and the highest pulse pressure measurements ( Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by the square of height in meters); BP, blood pressure; CHD, coronary heart disease.
SI conversion factor: To convert cholesterol to millimoles per liter, multiply by 0.0259. *Data are given as mean ± SD, unless otherwise indicated. †PϽ.05 for differences in the investigated parameters between men who were dead at follow and men who were alive.
measurements varied from 9 to 156 mm Hg, while the interquartile range was 17 mm Hg. Less than 10% of the population studied had systolic BP values higher than 167 mm Hg and diastolic BP values higher than 100 mm Hg.
Correlations among BP components were r=0.82 for pulse pressure and systolic BP, r=0.73 for systolic and diastolic BP, and r=0.22 for pulse pressure and diastolic BP. These correlations were similar in all cohorts. However, Japanese cohorts had the lowest height compared with southern Europe, northern Europe, and US cohorts (169±7 cm vs 170±7 cm vs 171±7 cm vs 174±7 cm; P=.01). Therefore all the analyses followed up on were also adjusted for height and body mass index.
The mean follow-up time was 20.3 years. During this time, 5340 deaths occurred (45.8%). Overall, 2445 deaths (20.9%) were due to CVDs. Of those deaths, 1565 (13.4%) were due to coronary heart disease and 708 (6.1%) were due to stroke. The annual incidence rate was 10 cardiovascular deaths per 1000 men (6 deaths per 1000 men were due to coronary heart disease and 2.7 deaths per 1000 men were due to stroke). The regional cardiovascular mortality rates were 8 per 1000 men in Japan (n=169 deaths), 9 per 1000 men in southern Europe (n=1171 deaths), 11 per 1000 men in the United States (n=635 deaths), and 13 per 1000 men in northern Europe (n=787 deaths) (P value between regions, Ͻ.001). Specifically, stroke mortality rates were 11 per 1000 men in Japan, 7 per 1000 men in northern Europe, 6 per 1000 men in southern Europe, and 4 per 1000 men in the United States (PϽ.001). The number of the observed deaths was adequate for the regional comparisons followed up on (at ␣=5% and statistical power Ͼ80%).
PREDICTION OF CARDIOVASCULAR DEATH THROUGH BP MEASUREMENTS
All BP measurements were significant predictors of cardiovascular mortality, after adjusting for age and baseline physical activity, total serum cholesterol level, body mass index or height, and smoking. In the pool of all cohorts, for every 10-mm Hg increase in pulse pressure we observed a 22% increase in the HR of cardiovascular death; for every 5-mm Hg increase in diastolic BP we observed a 16% increase in the HR; while for every 10-mm Hg increase in systolic, mean, and mid BP measurements, we observed a 22% (P = .01), 42% (P = .009), and 38% (P=.006) increase in the HRs, respectively. When we stratified the analysis by cause of death, pulse pressure was a significant predictor for coronary heart disease (HR per 10 mm Hg, 1.15; 95% confidence interval [CI], 1.08-1.18) and for stroke death (HR per 10 mm Hg, 1.32; 95% CI, 1.02-1.69).
Furthermore, all BP measurements were the best predictors for CVD death among the other investigated cofactors (because they had the highest likelihood ratio). In addition, pulse pressure measurements had the most significant contribution, based on the maximum log-likelihood difference (−2 log-likelihood, 15 978; PϽ.001) in the prediction of cardiovascular death compared with systolic (−2 log-likelihood, 15 874; PϽ.001), diastolic (−2 log-likelihood, 15 923; PϽ.001), mid (−2 log-likelihood, 15 640; PϽ.001), and mean (−2 log-likelihood, 15 642; PϽ.001) BP. To reinforce the previous findings, we estimated a survival model with systolic and diastolic BP as well as a model with mean blood and pulse pressure together. Both diastolic and systolic BP were significantly associated with cardiovascular mortality (−2 log-likelihood, 15 639; PϽ.001). Moreover, pulse and mean BP measurements were also significant predictors of cardiovascular death, while they were found to have the same predictive ability compared with the previous model (−2 log-likelihood, 15 639; PϽ.001).
We then classified the participants according to their baseline BP measurements, that is, optimal (n=2985), prehypertension (ie, systolic/diastolic BP, 120/80 to 140/90 mm Hg [n=4554]), and hypertension (n=5224). The previous findings regarding pulse pressure and cardiovascular risk were also recognizable in the optimal (HR for every 10 mm Hg, 1.07; 95% CI, 1.01-1.15), prehypertension (HR for every 10 mm Hg,1.06; 95% CI, 0.99-1.13), and hypertension groups (HR for every 10 mm Hg, 1.18; 95% CI, 1.15-1.22) ( Table 3) .
RELATIONSHIP BETWEEN PULSE PRESSURE AND CARDIOVASCULAR DEATH IN VARIOUS POPULATIONS
We further explored the association of BP with CVD mortality in relation to region. The relationship between pulse pressure and hazard of cardiovascular death was positive and significant in all cohorts. Specifically, the adjusted HR varied from 1.19 in the United States (PϽ.001), to 1.25 in Japanese and northern Europe cohorts (PϽ.001) and to 1.29 in southern Europe cohorts, per 10-mm Hg increase in pulse pressure. Moreover, in spite of the large differences in 25-year incidence rates for CVD mortality, the HRs for pulse pressure in relation to CVD death did not differ among the populations (P = .07 for the interaction We then calculated the mortality rates per tertile of pulse pressure level (first tertile up to 48 mm Hg, second tertile up to 59 mm Hg, and third tertile greater than 60 mm Hg). Overall, the adjusted survival in men who were in the upper tertile at entry examination was less than 70% (Figure) , whereas the survival in men who had a pulse pressure less than 59 mm Hg was roughly 80% (P=.007). Compared with the lowest tertile of pulse pressure, southern European men in the upper tertile had 78% higher risk for CVD death (PϽ.001), men from the United States had 84% higher risk (PϽ.001), and men from northern Europe and Japanese cohorts had 96% higher risk (PϽ.001), after adjusting for age (P value for regional differences, .15). Moreover, the highest death rates in the upper tertile of pulse pressure were observed in northern Europe and US cohorts, whereas the lowest death rates were observed in Japanese and southern Europe cohorts ( Table 4 ; P value for the interaction between tertile of pulse pressure and the ordinal variable that described the region, .21).
COMMENT
We observed that the 25-year risk of CVD death among 12 763 middle-aged men was strongly associated with various BP measurements. Furthermore, pulse pressure was the best predictor of death, followed by diastolic, systolic, mid, and mean BP measurements, as well as among all the other investigated factors (age, smoking habits, anthropometric indexes, and total serum cholesterol levels). In addition, although mortality rates differed among populations, no significant interaction was observed between BP levels and the region of study on CVD mortality. The latter finding may imply that the relation between pulse pressure and the risk of death over the long term did not differ among populations in which the absolute risk of death from CVD varied considerably. This lack of population differences in HRs was similar to that observed earlier in the same study. 4, 15, 16 
ARTERIAL BP AND CVD
We observed that every 10-mm Hg increase in pulse pressure levels corresponds to a 22% increase in the risk for cardiovascular death. In addition, for every 10-and 5-mm Hg increase in systolic and diastolic BP, respectively, we observed a 22% and 16% increase in the risk of death. The effect of pulse pressure on cardiovascular death was more prominent among those with hypertension compared with normotensive individuals. The aforementioned HRs for pulse pressure values were similar to those reported by Franklin et al 7 from the 20-year follow-up in both men and women of the Framingham Heart Study. Moreover, Benetos 9 reported that pulse pressure was a significant predictor of coronary mortality but not cerebrovascular mortality. On the contrary, in our study the effect of pulse pressure on stroke mortality was significant and stronger compared with the effect of pulse pressure on coronary death.
It is well known that high BP levels are the dominant characteristic in the prediction of cardiovascular death. 1, 2 In the 25-year follow-up the Seven Countries Study investigators reported that systolic BP was associated with coronary mortality at given levels of diastolic BP, but diastolic BP was not predictive of mortality at given levels of systolic BP. 4 Moreover, Menotti et al 16 observed that increases in BP were associated with subsequent excess of stroke deaths only in those who started from high levels (Ͼ140 mm Hg), whereas diastolic BP was not associated with stroke risk. In several classes of diastolic BP, increasing systolic BP was associated with increasing death rates, whereas this was not present for increasing diastolic BP as systolic BP increased. It should also be highlighted that in the present work pulse pressure was the best predictor of cardiovascular mortality among all arterial BPs. This is in accord with the results from the Framingham Heart Study, which underlined that nei- *Variables also included in all models were age, body mass index or height, total serum cholesterol level, smoking habits, and physical activity status. All the aforementioned covariates were statistically significant predictors of cardiovascular events at PϽ.001. ther systolic nor diastolic BP was superior to pulse pressure in predicting coronary heart disease risk. 7 We expanded that previous finding into stroke death.
It has been shown that diastolic and systolic BPs are positively associated with cardiovascular risk. However, most of these studies were mainly based on young individuals, in whom systolic and diastolic BPs tend to track together. 5, 10, 11 Thus, the effect of pulse pressure may be underestimated. We know that after the fifth decade of life, systolic BP rises more than diastolic BP, resulting in elevation of pulse pressure. 16 Thus, diastolic BP rises with increased peripheral arterial resistance and falls with increased central artery stiffness; the relative contributions of these 2 opposing forces determine diastolic BP and ultimately pulse pressure. Moreover, pulse pressure and systolic BP are highly correlated because both BP components rise with increases in vascular resistance and largeartery stiffness. 5, [13] [14] [15] [16] [17] [18] Franklin et al 7 reported that when the components of BP are assessed individually, increments in pulse pressure at a fixed systolic BP are associated with a greater risk for CVD compared with increments in systolic BP at a fixed pulse pressure. Subsequently, Franklin et al 7 hypothesized that cardiovascular risk was related more to the pulsatile stress caused by large-artery stiffness during systole than to the steady state stress due to smallvessel resistance during diastole. Moreover, Benetos 9 suggested that since arterial stiffening causes an increase in systolic BP and a decrease in diastolic BP, the gap between the two (ie, pulse pressure) might be the best predictor of coronary events. This hypothesis is confirmed by our findings. Furthermore, compelling evidence has emerged that pulse pressure is a strong indicator of stroke risk even among normotensive individuals. 16 This was also revealed by the present work. In addition, we observed no differences regarding the effect of BP measurements on CVD mortality between different populations of the world.
However, there are also opposing results. Recently, the MRFIT study investigators, 10 studying a sample of about 340 000 middle-aged men, reported that systolic and diastolic BP measurements were more strongly related to cardiovascular mortality compared with pulse pressure. In addition, a recent meta-analysis from the Prospective Studies Collaboration 19 reported that pulse pressure provides much less "informativeness," compared with other BPs, in predicting overall and cardiovascular mortality.
LIMITATIONS
Although the collection of mortality data and causes of death for the subsequent 25 years was almost 100%, the exact cause of death was difficult to determine in some cases. 9 However, CVD mortality is considered a robust category, so misclassification is probably not severe. An additional limitation of the study is that it was conducted only among men. Thus, generalizing the findings to women should be made with caution. Another limitation is that in the analysis we did not take into account risk factor changes over the follow-up period. Also, a limitation is the use of a single measurement in relation to long-term prediction of death, which may hide inherent variability of the estimates. There were also several problems due to the standardization of BP measurement among field conditions. Keys 11 reported that there is no way to assure that BP measurements by a physician examining men in one cohort were absolutely comparable with those made by their colleagues in another cohort. Finally, the lack of information about serum creatinine and sodium intake is another limitation of this study.
CONCLUSIONS
Blood pressure measurements were significant longterm predictors of CVD death, and despite the high correlation of pulse pressure with systolic BP, pulse pressure predominates in predicting cardiovascular death in middle-aged men. Moreover, the relative increase in longterm mortality due to CVD for a given increase in pulse pressure was similar in various populations, whereas the absolute risk at the same level of pulse pressure varied substantially. 
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